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Abstract. 1
The composition of sediment organic matter (OM) exerts a strong control on biogeochemical 2 processes in lakes, such as those involved in the fate of for carbon, nutrients and trace metals. 3
While between-lake spatial variability of OM quality is increasingly investigated, we explored 4 in this study how the molecular composition of sediment OM varies spatially within a single 5 lake, and related this variability to physical parameters and elemental geochemistry. Surface 6 sediment samples (0-10 cm) from 42 locations in Härsvatten -a small, boreal forest lake with 7 a complex basin morphometry -were analyzed for OM molecular composition using 8 pyrolysis gas chromatography-mass spectrometry, and for the contents of twenty-three 9 major/trace elements and biogenic silica. 160 organic compounds belonging to different 10 biochemical classes (e.g., carbohydrates, lignins, lipids) were identified. Close relationships 11
were found between the spatial patterns of sediment OM molecular composition and 12 elemental geochemistry. Differences in the source types of OM (i.e. terrestrial, aquatic plant 13 and algal OM) were linked to the individual basin morphometries and chemical status of the 14 lake. The variability in OM molecular composition was further driven by the degradation 15 status of these different source pools, which appeared to be related to sedimentary physico-16
Introduction 27 28
In lake basins a wide range of factors are known to influence the transport and fate of 29 sedimentary material, such as the location of inlet streams, catchment topography, land-use 30 patterns, fetch, basin morphometry and sediment focusing. Sediment focusing results from a 31 combination of factors such as wind and wave action, basin slope and the settling velocity of 32 different particle sizes, which all contribute to the redistribution of light, fine-grained material rich 33 in clays, organic matter (OM) and associated trace elements from shallower to deeper waters (Blais 34 and Kalff, 1995; Ostrovsky and Yacobi, 1999) . While sediment focusing is important, catchment 35 characteristics and lake morphometry can be complex and exert a primary influence on spatial 36 patterns in sediment geochemistry, such as in relation to land use in near-shore areas (Dunn et developing insights into the biogeochemical behavior of OM and its influence on C, nutrients and 51 trace metals cycling, and does not take full advantage of the information provided by differences in 52 the OM quality. 53
In boreal lakes the sediment composition is often dominated by OM, typically ranging from 20 54 to 60 % on a dry weight basis, followed by biogenic silica (bSi), which may account for as much as 55 45 % of the sediment dry weight (Meyer-Jacob et al., 2014). The remaining sediment mainly 56 consists of detrital mineral matter and possibly authigenic minerals. Lake OM is an extremely 57 heterogeneous and complex mixture of molecules that are derived from plant, animal, fungal and 58 bacterial residues, and which are either transported into the lake from the surrounding catchment 59 (allochthonous) or produced within the lake (autochthonous). Furthermore, these organic 60 compounds may undergo transformations within the water column and the sediment through both 61 biotic and abiotic processes. Although there have been a few studies where the spatial complexity in 62 OM quality within a lake basin has been assessed using infrared spectroscopy, which yields 63 qualitative information on variations in OM quality (Korsman et To characterize OM composition at the molecular level, the most commonly used methods are 69 based on liquid or gas chromatography (LC or GC) coupled to fluorescence or mass spectrometry 70 (MS) detection. These methods provide quantitative data on original organic compounds found in 71 the analyzed samples, including highly specific biomarkers of, e.g., OM sources, and have been 72 successfully employed to study OM composition and reactivity in environmental matrices as well 73 as to reconstruct environmental changes (e.g., changes in vegetation, algal productivity) from peat 74 or sediment cores. However, the associated sample preparation procedures, i.e. 75 extraction/hydrolysis and derivatization, are fastidious and specific to the different biochemical 76 classes of organic compounds such as carbohydrates, proteins/amino acids, lipids, chlorophylls and 77 in winter 1997 and 1998, and were sectioned into an upper sample (0-10 cm) and a lower sample 152 (10-25 cm; not studied here) on-site. In the laboratory, the samples were weighed, freeze-dried, and 153 reweighed to determine the water content and dry mass of the sediment. The freeze-dried samples 154 have been stored in plastic containers within closed boxes shielded from light and at room temperature 155 since winter 1997-1998. Before further analysis in this study, the samples were finely ground at 30 156 Hz for 3 min using a stainless steel Retsch swing mill. 157 158 2.2 Major and trace elements concentrations 159
160
The concentrations of major (Na, Mg, Al, Si, K, Ca, P, S, Mn, Fe) and trace elements (Sc, Ti, 161 V, As, Br, Y, Zr, Ni, Cu, Zn, Sr, Pb) were determined using a wavelength dispersive X-ray 162 fluorescence spectrometer (WD-XRF; Bruker S8 Tiger) and a measurement method developed for 163 powdered sediment samples (Rydberg, 2014) . Accuracy was assessed using sample replicates, 164 which were within ±10 % for all elements. 165
Total mercury (Hg) concentrations were determined using thermal desorption atomic 166 absorption spectrometry (Milestone DMA80) with the calibration curves based on analyses of 167 different masses of four certified reference materials (CRMs). Analytical quality was controlled 168 using an additional CRM and replicate samples included with about every ten samples. The CRM 169 was within the certified range, and replicate samples were within ±10% for Hg concentrations <30 170 µg kg -1 and within ±5% for concentrations ≥30 µg kg -1 . 171
We also included the OM content (in % dry mass), determined as loss-on-ignition (LOI) after 172 heating dried samples at 550ºC for 4 h in the earlier study of Bindler et al. (2001) . 7890A-5975C GC/MS system. Peak integration was done using a data processing pipeline under 190 the 'R' computational environment, and peak identification was made using the software 'NIST MS 191 Search 2' containing the library 'NIST/EPA/NIH 2011' and additional spectra from published 192
studies. 193
In the sediments of Härsvatten, 162 Py-products were identified, and peak areas were 194 normalized by setting the total identified peak area for each sample to 100 %. A detailed list of the 195 160 identified organic compounds with information on their molecular mass and structure and on 196 their reference mass spectra and calculated or reference retention index values is provided in the 197 supplementary information (Table S1) . Although the pyrolysis temperature we employed, i.e. 198 450°C as used in plant science (e.g., Faix et al., 1990; Faix et al., 1991) fraction that is rich in Br (Leri and Myneni, 2012) . 300
Cluster analysis of the elemental geochemistry 301 302
For the cluster analysis of the elemental geochemistry dataset, we selected a solution of six 303 clusters (cluster geo 1-6; Fig. 1c ). The cluster averages and standard deviations of each physical and 304 geochemical variable are given in Table S3 in SI where they are compared to the averages values of 305 all analyzed sediment samples, which are referred to hereafter as 'whole-lake average', and Table 3  306 provides the cluster averages for a selection of geochemical parameters. 307
In the south basin, the sediments found at shallower water depth (cluster geo 6; n=10) have a 308 higher B.D., are richer in bSi (negative scores on PC1 geo ; Fig. 2a ) and have lower than whole-lake 309 average trace metal concentrations (Table 1 ). In contrast, the sediments from the deeper sites 310 (cluster geo 5; n=3) have the lowest B.D. and lowest bSi content (Table 1) within 10% of whole-lake average while trace metal concentrations are above 10% of whole-lake 314 averages ( Table 1 ). The south basin as a whole has higher P concentrations than the northern, 315 eastern and center areas, and in both intermediate and deeper sites, the sediments are rich in Fe and 316
As (positive scores on PC3 geo ; Fig. 2b and Table 1) . 317
The sediments found at shallow water depth between the north and east basins and in the 318 sake of making the presentation of the data and the associated discussion more constrained (and 337 avoid over-interpreting individual compounds), the 160 identified organic compounds were reduced 338 to 41 groups of compounds as described in Table 2 . This grouping is based on the similarities in the 339 molecular structure within the OM classes, and preliminary principal components analyses have 340
shown that the compounds within each of our 41 groups are highly positively correlated and thus 341 present the same trends in this study (data not shown). As an example, the 20 identified 342 carbohydrate compounds, previously demonstrated to derive from pyrolysis of polysaccharides 343 (Faix et al., 1991) , have been separated into 6 groups based on the number of C in the heterocycles 344 of these compounds and on their side-chain functional groups. Thus, the heterocycle of "furan" and 345 "furanone" compounds contains 4 C and 1 oxygen (O) atoms, and the side-chain are either aliphatic 346 ((alkyl)furans and (alkyl)furanones) or contains an oxygenated functional group (hydroxy-or 347 carboxy-furans and furanones). While the heterocycle of "pyran" compounds has 5 C and 1 O, the 348 one of dianhydrohamnose, levoglucosenone and levosugars consists in 6 C and 1 O, but the 349 levosugars contain three hydroxyl functional groups whereas dianhydrorhamnose contains 2 350 hydroxyl groups and levoglucosenone have a carbonyl group. 351
Summary statistics of these 41 groups of organic compounds are presented in Table 2 and the  352 detailed data are given in Table S4 
Principal components of OM molecular composition 391 392
For the OM molecular composition dataset, six principal components (PC1-6 OM ) were 393 extracted, which explain 85 % of the total variance (Fig. 3) (Fig. 3a) . (Fig.  441   3c) . Interestingly, the long-chain n-alkanes from cell wall lipids of higher plants or mosses do not 442 have positive loadings on PC5 OM . We therefore interpret PC5 OM to relate to OM inputs from the 443 forested catchment, which is dominated by coniferous species. Coniferous trees generally have 444 higher lignin contents as compared to other vascular plants (Campbell and Sederof, 1996) , while 445 they contain much lower amounts of n-alkanes than other plant species (Bush and Mcinerney, 446 2013) . 447 PC6 OM captures 7 % of the total variance and has four compounds with significant positive 448 loadings, i.e., benzene, two benzenes with oxidized side-chain and carboxy-or hydroxy-furans and 449 furanones, i.e. furan and furanone heterocycles with an oxygen atom in the side-chain (Fig. 3c) As with the elemental geochemistry dataset, a solution of six clusters (cluster OM 1-6) was 458 relevant to represent the data on the spatial heterogeneity of OM molecular composition (Fig. 1d) . 459
Each cluster is associated with one or a few of the OM types that were identified by the PC1-6 OM 460 ( Fig. 3 ; Sect. 3.2.1). The cluster averages and standard deviations of each organic compound are 461
given and compared to whole-lake averages in Table S5 in SI. Table 3 are below or within ±10 % of whole-lake averages in the sediments found at shallower and 471 intermediate water depths (Table 1 ). In contrast, these two types of south basin sites have similar 472 values, and lower as compared to whole-lake averages, for the ratios indicative of higher plant and 473 moss OM freshness based on carbohydrate or lignin composition. Furthermore, the clusters OM 2 and 474 3 are characterized by higher values for the ratios specific of algal versus higher plant and moss 475 OM based on the proportions of N-compounds versus carbohydrates or chlorophylls versus lignin 476 and long-chain n-alkanes and alkan-2-ones (Table 1 ). The rest of the south basin sites, fall within 477 cluster OM 1 (n=1), 5 (n=2) or 4 (n=1), which are described below. 478
The majority of sites in the northern half of the lake group within cluster OM 1 (n=15) with 479 isolated shallower sites falling within clusters OM 3 (n=1), 4 (n=2) and 5 (n=2). The sediments of 480 cluster OM 1 are rich in fresh plant (higher plants or mosses) OM coming from in-lake productivity 481 (negative scores on PC1 OM ; Fig. 3a) and have higher values than whole-lake averages for the ratios 482 specific of in-lake vs terrestrial plant OM and of higher plant and moss OM freshness (Table 1) . In 483 contrast, the values for these ratios are below 10% of whole-lake averages for the south basin sites, 484
indicating that terrestrial input is the main source of plant OM to the sediments of the main basin of 485
Härsvatten. 486
The cluster OM 5 represents some near-shore locations (n=4), which are enriched in OM derived 487 from the coniferous-forested catchment (positive scores on PC5 OM ; Fig. 3c ). The cluster OM 4 (n=4), 488 which groups shallow sites located close to the lake outlet (south basin, S16) and between the north 489 and east basins (N10 and M1), is characterized by high proportions of degraded, resistant and 490 bacterial OM (positive scores on PC5 OM ; Fig. 3a) . Two shallow sites of the central area (cluster OM 491 6; n=2) show an enrichment in aliphatic molecules derived from higher plant and moss cell wall 492 lipids (negative loadings on PC3 OM ; Fig. 3b ). Both clusters OM 4 and 6 have values for the ratio 493 indicative of in-lake:terrestrial plant OM above 10% of the whole-lake average, while the values for 494 the ratios specific of algal vs higher plant and moss OM and of algal and plant OM freshness based 495 on N-compounds and carbohydrates composition are below 10% of whole-lake averages (Table 1) . 496
Cluster OM 6 differs from cluster OM 4 by its higher values for the ratios specific of algal and higher 497 plant OM freshness based on chlorophyll and lignin composition. 498
Factors and processes involved in the spatial distribution of OM molecular composition 499 500
The surface sediments used in this study comprise the uppermost 10 cm. Given the inherent 501 variation in sedimentation rates across a lake basin, each bulk sample represents material deposited 502 over different timescales. We know from the developmental work for our Py-GC/MS method using 503 annually laminated sediments that there are transformations in OM composition within the 504 uppermost few cm, i.e., the first few years following deposition (Tolu et al. 2015) . Thus these bulk 505 sediment samples provide initial insights into the spatial variability in molecular OM composition 506 within a lake basin resulting from longer-term sedimentation processes (including those within the 507 sediment) reflecting years to decades. 508
The distribution of both clusters geo and clusters OM within Härsvatten shows a similar general 509 pattern ( Fig. 1c and 1d) erosion, transportation and accumulation bottoms, respectively (Håkanson, 1977) . The bSi decline, 533 from ~15 to 4 %, indicates a decrease of diatom production with depth due to increasing light 534 attenuation, and thus suggests that the diatom assemblage is dominated by benthic diatoms, as 535
shown for many acidified lakes, such as surrounding lakes in the Svartedalen nature reserve (e.g., 536
Andersson, 1985; Anderson and Renberg, 1992) . 537
In this main basin of Härsvatten, OM originates from a combination of autochthonous algal 538 production and allochthonous input (Sect. 3.2.2). The dominance of benthic diatoms in acidified 539 lakes and the declining bSi content with depth would indicate that the algal material in deeper areas 540 of the basin should derive from resuspended benthic algal production. However, this benthic algal 541 production is not reflected in the OM molecular composition. The sediments from shallow and 542 intermediate water depths (cluster OM 3) are mainly composed of degraded, resistant and bacterial 543 OM, while the sediments from deeper sites (cluster OM 2) are enriched in fresh algal OM ( Fig. 1d;  544 Sect. 3.2.2). Although our results are based on the top 10 cm of sediment and thus account for 545 different sediment ages, we suggest that the higher proportions of decomposed algal material, based 546 on N-compound and chlorophyll composition (Table 1) to the more algal-derived OM, we do not observe significant differences between the sediments of 564 shallower/intermediate water depth and the deepest sites for ratios indicative of higher plant and 565 moss OM freshness (Table 1) . Because higher plant and moss OM is mainly of allochthonous 566 origin in this basin, our results indicate that primarily autochthonous algal OM is mineralized in the 567 epilimnitic and metalimnitic sediments of this deeper, steeper-sloped, basin of Härsvatten. This is 568 consistent with the suggestion that allochthonous OM is recalcitrant to sediment mineralization 569 after its degradation in the catchment and within the water column (Gudasz et al., 2012) . In the northern half of the lake, 11 of 19 locations fall within cluster geo 1 (Fig. 1c) , which 582 distinguishes itself geochemically only by somewhat lower than average concentrations of elements 583 often associated with (oxy)hydroxides (i.e., Fe, Mn, As, P and Co; Table 1 acidified boreal Swedish lakes, such as the nearby lake Gårdsjön (Andersson, 1985; Grahn, 1985) . 597
Benthic aquatic vegetation is also favored in the northern half of Härsvatten by the more gentle 598 slopes, comparatively shallow water depth and thus greater availability of light than in the deep, 599
steeper-sloped south basin where allochthonous input appears as the main source of higher plant 600 and moss OM (Sect. 3.2.2; Table 1) . 601
The sediments found across the north and east basins and at the deeper sampling site of the 602 central area (clusters OM 1; Fig. 1d ) have the highest proportions of fresh, labile higher plant and 603 moss OM (Sect. 3.2.2; Table 1 ). Also, the proportions of fresh, labile algal OM is as high as in the 604 deeper anoxic sediments of the main south basin and two times higher than in the sediments found 605 at shallow water depth in the south basin and central areas, although these sites span the same depth 606 range (3-11 m) and have relatively similar bSi contents (Table 1) . These results indicate the 607 accumulation of fresh autochthonous, both plant and algal, OM in sediments associated with in-lake 608 vegetation even if they are below or within the epilimnion (i.e., supposed oxic conditions). A 609 possible explanation is that the input of labile, decomposing in-lake higher plant and moss OM 610 consumes oxygen and results in locally anoxic conditions in the sediment, which in turn lower OM 611 mineralization rates (Bastviken et al., 2004; Isidorova et al., 2016) . This hypothesis may explain the 612 lower than whole-lake average concentrations of elements or elemental ratios often associated with 613 (oxy)hydroxides (i.e., Fe, Mn, As, Co, P contents and Fe:Al) in these epilimnitic/metaliminitic 614 sediments (cluster geo 1; Table 1 ). This interpretation is consistent with laboratory experiments, 615
where, for example, Kleeberg, 2013 had shown that inputs of macrophyte residues to sediments 616 results in oxygen depletion and microbially mediated reduction of Fe and Mn oxides. However, the 617 lower concentrations of Fe, Mn and other elements known to be associated with Fe and Mn 618 (oxy)hydroxides in these sediments of the north and south basins as compared to the sediments of 619 the south basin and to the whole-lake averages may also be related to shallow groundwater 620 discharges that are rich in (oxy)hydroxides or diagenetic processes that lead to Fe enrichment in the 621 sediments of the south basin. 622
The shallow sites located between the north and east basins and between the central area and 623 the south basin (i.e., cluster geo 3 and clusters OM 4 and 6; Fig. 1c and 1d ) have higher than whole-lake 624 averages bSi contents and values for the ratio in-lake:terrestrial higher plant and moss OM, 625
suggesting that these sediments receive plant OM from in-lake vegetation and algal OM from 626 benthic production (Table 1) . However, the proportions of fresh, labile plant and algal OM based on 627 N-compound and carbohydrate composition in these central sediments are much lower than in the 628 sediments found across the north and east basins (Table 1) . Probably, these central areas are not 629 sites for aquatic vegetation growth, but receive in-lake plant OM produced within the north and east 630 basins that has been degraded during transport and/or is degraded at these shallow central sites due 631 to more oxic conditions as suggested by a higher occurrence of Fe and Mn (oxy)hydroxides (Fe, 632
Mn, As, Co, and P contents, Fe:Al and Mn:Fe above 10% of whole-lake averages; Table 1 ). Among 633 these shallow central sites, two locations (cluster OM 6) are specifically rich in higher plant and moss 634 lipids (i.e., C23-35:0; Table S3 in SI) and have high proportions of fresh higher plant OM based on 635 lignin composition (Table 1 ). This suggests preservation of higher plant cell-wall lipids and lignin 636 with respect to carbohydrates at these two shallow sites, in agreement with the known faster 637 assimilation of carbohydrates versus lipid and lignin structures (Bianchi and Canuel, 2011) . 638
However, no reasonable hypothesis could be given to explain this difference in OM molecular 639 composition between the sediments at sites M5-6 and the ones at sites N10 and M1 given their 640 similar water depth and elemental geochemistry. 641
Among the sediments found in a small number of near-shore locations (cluster geo 4 and 642 cluster OM 5; n=4), three are located in two more-sheltered bays at the northwestern corner and the 643 southern end of the lake that are more protected from wind circulation (Bindler et al. 2001 , Abril et 644 al. 2004 ). The sediments of these three locations predominantly accumulate terrestrial OM as 645 indicated by the abundance in lignin oligomers and the ratio indicative of in-lake:terrestrial plant 646 OM that are respectively above and below 10% of the whole-lake averages (Table 3) . 647
Accumulation of OM coming from the coniferous-forested catchment most probably explained the 648 high OM content (i.e. 52-58% , which is as high as in the deeper sediments of the main south basin) 649 as well as the high concentrations of S and trace metals (i.e., Hg, Pb and Zn) in these near-shore 650 sediments (Table 1) . Boreal forest soils are known to be enriched in S and trace metals because 651 their organic fraction retains atmospheric S and trace metals deposited over the industrial era 652 (Johansson and Tyler, 2001) . Also, there is evidence that the transport of terrestrial OM to boreal 653 aquatic ecosystems is associated with significant inputs of trace metals (Grigal, 2002; Rydberg et 654 al., 2008) . Alternatively, high S and trace metal contents could be due to accumulation of metal 655 sulfides due to near-shore groundwater gradients and/or anoxic conditions, or to redox cycling 656 related to the important input of terrestrial OM. 657 can vary significantly within a single lake system in relation to basin morphometry, lake chemical 666 and biological status (e.g., presence of macrophytes, which is influenced by, e.g., acidification) and 667 the molecular structure/properties of the different OM compounds (e.g., higher resistant of 668 allochthonous versus autochthonous OM upon degradation). Our results further show that it may be 669 problematic to extrapolate data on OM composition from only a few sites or one basin when scaling 670 up to a whole lake. Thus, investigating sedimentary processes and the resulting fate of C and trace 671 elements using sampling strategies focused on the deepest area of a lake or on single transects from 672
shallower to deeper sites, may not fully capture the variation in either elemental geochemistry or 673 OM composition. 674
Overall, this study underlines that the OM molecular composition and its spatial heterogeneity 675 across a lake are two factors that should be considered to better constrain processes involved in the 676 fate of C, nutrients and trace metals in lake ecosystems, to improve whole-lake budgets for these 677 elements and to better assess pollution risks and the role of lakes in global elemental cycles. Table 2 ). For the PCloadings, filled circles correspond to active variables. Others variables (empty circle and italics letter) were added passively. Sediment samples are colored according to the results of the cluster analysis.
